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A b s t r a c t  
P r e v i o u s  p a p e r s  h a v e  r e p o r t e d  t h a t  r e l a t i o n s  b e t w e e n  t h e  t o t a l  n u m b e r ,  
l e n g t h ,  s u r f a c e  a r e a ,  a n d  v o l u m e  o f  g r a m i n a c e o u s  r o o t  m e m b e r s  t e n d  t o  r e m a i n  
r o u g h l y  c o n s t a n t  d u r i n g  v e g e t a t i v e  g r o w t h .  T h r o u g h  t h e  u s e  o f  a  m o d e l  o f  t h e  
e x t e n s i o n  a n d  b r a n c h i n g  o f  a  s e m i n a l  r o o t  o f  b a r l e y  ( H o r d e u m  v u l g a r e  L . ) ,  w h i c h  w a s  
d e v e l o p e d  f o r  t h e  p u r p o s e ,  a n  a t t e m p t  h a s  n o w  b e e n  m a d e  t o  d e t e r m i n e  t h e  
p r o p e r t i e s  o f  r o o t  g r o w t h  r e s p o n s i b l e  f o r  t h e  p h e n o m e n o n .  
T h e  p r e s e n t  p a p e r  i n t r o d u c e s  t h e  s t u d y  a n d  d e s c r i b e s  t h e  m o d e l .  T h e  m o d e l  
t a k e s  a d v a n t a g e  o f  t h e  f a c t  t h a t  t h e  e x t e n s i o n  a n d  b r a n c h i n g  o f  c e r e a l  r o o t  m e m b e r s  
g r o w n  i n  h o m o g e n e o u s  m e d i a  p r o c e e d s  a t  a p p r o x i m a t e l y  c o n s t a n t  r a t e s  f o r  l e n g t h y  
p e r i o d s .  T h e  o v e r a l l  d i m e n s i o n s  o f  r o o t s  c a n  t h e r e f o r e  b e  d e t e r m i n e d  b y  r e f e r e n c e  t o  
f o r m u l a e  r e p r e s e n t i n g  t i m e  a n d  a  l i m i t e d  n u m b e r  o f  p r o p e r t i e s  o f  e a c h  t y p e  o f  r o o t  
m e m b e r .  
T h e  v a l i d i t y  o f  t h e  m o d e l  f o r  t h e  u s e  i n t e n d e d  i s  d e m o n s t r a t e d  b y  t e s t i n g  t h e  
u n d e r l y i n g  a s s u m p t i o n s  a n d  c h e c k i n g  t h e  m o d e l  a g a i n s t  a c t u a l  d a t a .  O t h e r  p o s s i b l e  
r o l e s  f o r  t h e  m o d e l  a r e  s u g g e s t e d .  
P a r t  I I  o f  t h e  s e r i e s  ( H a c k e t t  a n d  R o s e  1 9 7 2 )  r e p o r t s  t h e  r e s u l t s  a n d  
i n f e r e n c e s  f r o m  m a n i p u l a t i o n  o f  t h e  m o d e l .  
1 .  I N T R O D U C T I O N  
T h e  d e v e l o p m e n t  o f  t h e  r o o t  s y s t e m  o f  b a r l e y  ( H o r d e u m  v u l g a r e  L . )  a n d  o t h e r  
g r a m i n a c e o u s  s p e c i e s  p r o c e e d s  i n  s u c h  a  m a n n e r  t h a t  r e l a t i o n s  b e t w e e n  t h e  t o t a l  
n u m b e r ,  l e n g t h ,  s u r f a c e  a r e a ,  a n d  v o l u m e  o f  t h e  r o o t  m e m b e r s  r e m a i n  a p p r o x i m a t e l y  
c o n s t a n t  d u r i n g  t h e  v e g e t a t i v e  s t a g e  o f  g r o w t h  ( S h e a r e r  1 9 6 8 ;  H a c k e t t  1 9 6 9 ,  1 9 7 1 ;  
E v a n s  1 9 7 0 ,  1 9 7 1 ) .  E v i d e n c e  o f  t h i s  h a s  b e e n  f o u n d  n o t  o n l y  i n  i n t a c t  p l a n t s  b u t  a l s o  
i n  d e f o l i a t e d  p l a n t s  ( E v a n s  1 9 7 1 )  a n d  o n e s  m u t i l a t e d  b y  r e m o v a l  o f  t h e  t i p s  o f  t h e  
r o o t  a x e s  ( H a c k e t t  1 9 7 1 ) .  
T h e  e x i s t e n c e  o f  t h i s  p r o p e r t y  o f  r o o t  d e v e l o p m e n t  i m p l i e s  t h a t  t h e  p l a s t i c i t y  
o f  r o o t  f o r m  s o  e v i d e n t  t o  t h e  e y e  i s  a c h i e v e d  w i t h i n  a  f r a m e w o r k  o f  s o m e  r e m a r k a b l y  
c o n s t a n t  p r i n c i p l e s .  T h e  a i m  o f  t h e  w o r k  n o w  b e i n g  r e p o r t e d  w a s  t o  l o o k  f o r  t h e s e  
p r i n c i p l e s ,  t h e  b e l i e f  b e i n g  t h a t  t h e i r  i d e n t i f i c a t i o n  c o u l d  c o n t r i b u t e  t o  t h e  u n d e r -
s t a n d i n g ,  a n d  u l t i m a t e l y  t o  t h e  p r e d i c t i o n ,  o f  r o o t  g r o w t h .  T h e  a p p r o a c h  t a k e n  w a s  
t o  m o d e l  t h e  g r o w t h  o f  a  s e m i n a l  r o o t  o f  b a r l e y  ( a  r o o t  i s  d e f i n e d  a s  a n  a x i s  w i t h  i t s  
*  D i v i s i o n  o f  L a n d  R e s e a r c h ,  C S I R O ,  P . O .  B o x  1 6 6 6 ,  C a n b e r r a  C i t y ,  A . C . T .  2 6 0 1 .  
t  P r e s e n t  a d d r e s s :  R o t h a m s t e d  E x p e r i m e n t a l  S t a t i o n ,  H a r p e n d e n ,  H e r t s ,  U . K .  
A u s t .  J .  b i o l .  S c i . ,  1 9 7 2 ,  2 5 ,  6 6 9 - 7 9  
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associated laterals) and then to use the model to examine the properties of actual 
and hypothetical roots. 
It seemed simplest to confine efforts first to the case of the intact root. In such 
roots, the axes and various orders of laterals can be regarded as distinct classes of 
root member. Further, the constancy of relations between length, surface area, and 
volume can be put down initially to the preponderance of first-order laterals and 
their relatively uniform diameter throughout the root system (Hackett 1969). Rela-
tions between only the number and length of root members therefore needed to be 
considered. Neither of these simplifications was possible when considering mutilated 
roots (Hackett 1971). 
The first of these two papers describes the model which was developed. The 
assumptions underlying it are discussed and the validity of its use for the purpose 
intended is demonstrated. Part II of the series (Hackett and Rose 1972) reports 
what has been learnt from manipulation of the model. 
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Fig. I.-Patterns of root branching assumed for the three stages of root 
growth dealt with by the model. 
II. THE MODEL 
(a) Terminology 
The morphological terms used in this paper are applied in accordance with the 
definitions given by Hackett (1968, 1971), with the exception that, following Barley 
(1970), the classes of laterals are now termed first-order, second-order, and third-
order instead of primary, secondary. and tertiary. 
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( b )  C o n c e p t u a l  B a s i s  o f  t h e  M o d e l  
T h e  c o n c e p t u a l  b a s i s  o f  t h e  m o d e l  i s  i l l u s t r a t e d  i n  F i g u r e  1 ,  w h e r e  a  " r o o t "  i s  
s h o w n  a t  t h r e e  s t a g e s  o f  d e v e l o p m e n t :  ( 1 )  b e f o r e  a n y  b r a n c h i n g  h a s  o c c u r r e d ,  ( 2 )  
w h e n  f i r s t - o r d e r  l a t e r a l s  h a v e  e m e r g e d ,  a n d  ( 3 )  w h e n  s e c o n d - o r d e r  l a t e r a l s  h a v e  
e m e r g e d .  L i t t l e  a t t e n t i o n  h a s  b e e n  g i v e n  t o  t h i r d - o r d e r  l a t e r a l s  b e c a u s e  t h e s e  h a v e  
b e e n  n e g l i g i b l e  i n  n u m b e r  o n  t h e  m a t e r i a l  w e  h a v e  s t u d i e d  s o  f a r  a n d  b e c a u s e  t h e r e  i s  
n o  g u i d a n c e  f r o m  e l s e w h e r e  o n  t h e  v a l u e s  t o  g i v e  t o  t h e  a d d i t i o n a l  v a r i a b l e s  w h i c h  
w o u l d  b e  n e e d e d .  
T h e  r o o t  i s  c o n s i d e r e d  t o  b e  h e a l t h y  a n d  u n d a m a g e d ,  w i t h  t h e  l a t e r a l s  e m e r g i n g  
s t r i c t l y  a c r o p e t a l l y .  T h e  r a t e s  o f  e x t e n s i o n  a n d  b r a n c h i n g  o f  e a c h  c l a s s  o f  r o o t  
m e m b e r  a r e  u n i f o r m  t h r o u g h o u t  t h e  r o o t  a n d  c o n s t a n t  w i t h  t i m e  ( e . g .  t h e r e  i s  n o  
a g i n g ) .  
T h e  m a t h e m a t i c a l  d e s c r i p t i o n  o f  t h i s  m o d e l  w h i c h  n o w  f o l l o w s  s u m s  t h e  n u m b e r  
a n d  l e n g t h  o f  e a c h  t y p e  o f  r o o t  m e m b e r .  A  d i a m e t e r  t e r m  c a n  b e  i n t r o d u c e d  t o  
p e r m i t  c a l c u l a t i o n  o f  t h e  s u r f a c e  a r e a  a n d  v o l u m e  o f  t h e  r o o t  m e m b e r s  ( a s s u m i n g  t h a t  
e a c h  i s  a  s m o o t h  c y l i n d e r )  b u t  t h e  s t e p s  r e q u i r e d  a r e  t o o  t r i v i a l  t o  i n c l u d e "  i n  t h i s  
a c c o u n t .  
( c  )  M a t h e m a t i c a l  D e s c r i p t i o n  
( i )  S y m b o l s  
T h e  s u b s c r i p t s  a ,  f ,  s ,  a n d  t  r e f e r  t o  t h e  a x i s ,  t h e  f i r s t - o r d e r  l a t e r a l s ,  t h e  s e c o n d -
o r d e r  l a t e r a l s ,  a n d  t h e  t h i r d - o r d e r  l a t e r a l s  o f  t h e  r o o t  r e s p e c t i v e l y .  
L e t  n  =  n u m b e r  o f  r o o t  m e m b e r s ,  
N  =  t o t a l  n u m b e r  o f  r o o t  m e m b e r s  o n  t h e  r o o t ,  
v  =  r a t e  o f  e x t e n s i o n  o f  r o o t  m e m b e r s  ( m m  d a y - I ) ,  
l  =  l e n g t h  o f  r o o t  m e m b e r s  ( m m ) ,  
L  =  t o t a l  l e n g t h  o f  r o o t  m e m b e r s  o n  t h e  r o o t  ( m m ) ,  
b  =  r a t e  o f  e x t e n s i o n  o f  t h e  b r a n c h e d  r e g i o n  a l o n g  a  
r o o t  m e m b e r  ( m m  d a y - I ) ,  
q  =  d e n s i t y  o f  b r a n c h i n g  ( m m -
I
) ,  
t  =  t i m e  f r o m  i n i t i a l  w e t t i n g  o f  t h e  s e e d  ( d a y ) ,  
t
a
,  t f ,  t
s
,  t t  =  t i m e  f r o m  t  =  0  a t  w h i c h  t h e  f i r s t  r e p r e s e n t a t i v e  
o f  e a c h  c l a s s  o f  r o o t  m e m b e r  a p p e a r s  ( d a y ) .  
( i i )  G r o w t h  o f  t h e  R o o t  
S t a g e  1 :  R o o t  a x i s  p r e s e n t  o n l y .  
N  =  n a  =  1 .  
L  =  v a ( t - t
a
)  =  l a o  
S t a g e  2 :  A x i s  a n d  f i r s t - o r d e r  l a t e r a l s  p r e s e n t .  
n f  =  b a q f ( t - t f ) ·  
N  =  n a + n f  =  l + b
a
q f ( t - t f )  ~ b a q f ( t - t f ) .  
( 1  )  
( 2 )  
( 3 )  
( 4 )  
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lj = nj X (the length of the middle lateral of the set) 
= nj X iVj(t-tj) 
= ibaqjVj(t-tj)2. 
L = la+lj = Va(t-ta)+ibaqjVj(t-tj)2. 
Stage 3: Axis, first-order laterals, and second-order laterals present. 
ns = (the number of first-order laterals bearing second-order 
laterals) X (the length of the branched region of the 
middle first-order lateral of the set) X (the density of 
the second-order laterals) 
= baqj(t-ts) X ibj(t-ts) X qs 
= ibaqjbjqs(t-ts)2. 
(5) 
(6) 
(7) 
(8) 
In estimating the first term of equation (7) we have assumed that second-order lateral 
branching advances along the root axis at a rate equal to ba. 
N = na+nj+ns 
= 1 +baqj(t-tj)+ibaqjbjqs(t-ts)2. (9) 
By analogy with the argument leading to equation (5), the total length of the second-
order laterals on the most basal branched first-order lateral is 
ibjqsvs(t-ts)2 = f3(t-t s)2 with (3 = ib~svs. 
Now, for all branched first-order laterals (numbering n, laterals) 
ls = (3(t-ts)2+(3[(t-ts)-tiJ2+(3[(t-ts)-2tiJ2+ ... +(3[(t-tS )-n,tiJ2, 
where ti = Ifbaqj is the time interval between the emergence of successive first-order 
laterals, and n,ti = t-ts. Thus 
n, 
ls = (3(t_ts)2+(3 ~ [(t-ts)-(mfbaqj)]2, 
m=l 
where m is an integer. Expanding the contents of square bracket and summing the 
series yields 
ls = (3(n,+1)(t-ts)2-[2(3(t-ts)fbaqj]. inf(n,+I)+((3fb~q;) • tn,(n,+1)(2n,+1). 
(10) 
On resubstituting baqj(t-ts) for nt, the first and second terms of equation (10) become 
equal and cancel. ls is thus equal to the third term of equation (10), which, written 
in full, is 
ls = tbaqjb~svs(t-ts)3+!b~svs(t-ts)2+bjqsvs(t-ts)f12baqj. (11) 
The size of the various terms of equation (11) can be estimated using ba = 25 and 
qj = 0·4 which are common values for cereal roots. The ratio of the third term to 
the first term is If[2(baqj)2(t-ts)2] = If[200(t-ts)2]. Therefore the third term is 
negligible when (t-ts) >0·5 day. The ratio of the second term to the first term is 
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1 · 5 / b
a
q f ( t - t
s
)  =  0  · 1 5 / ( t - t s ) .  T h u s  t h e  i m p o r t a n c e  o f  t h e  s e c o n d  t e r m  f a l l s  a s  ( t - t
s
)  
i n c r e a s e s ,  b e i n g  1 0 %  o f  t h e  f i r s t  t e r m  w h e n  ( t - t
s
)  =  1 · 5  d a y s  a n d  1  %  w h e n  ( t - t s )  =  
1 5  d a y s .  
N e g l e c t i n g  t h e  t h i r d  t e r m  i n  e q u a t i o n  ( 1 1 ) ,  b u t  o t h e r w i s e  w r i t i n g  i n  f u l l  
L  =  l a + l f + l s  
=  v a ( t - t
a
)  + i b a q f v f ( t - t f  ) 2 + i b a q f b f q s v s { t - t s ) 3 +  f h q s v s { t _ t s ) 2 .  ( 1 2 )  
S t a g e  4 :  T h i r d - o r d e r  l a t e r a l s  p r e s e n t .  A l t h o u g h  t h i r d - o r d e r  l a t e r a l s  w i l l  n o t  
b e  c o n s i d e r e d  i n  d e t a i l  i n  t h e s e  p a p e r s ,  a n  e s t i m a t e  o f  t h e i r  i m p o r t a n c e  i s  o f  i n t e r e s t .  
T h e i r  n u m b e r  a n d  l e n g t h  a r e  g i v e n ,  t o  a  f i r s t  a p p r o x i m a t i o n ,  b y  
n t  " - '  i b a Q f b f Q s b s q t ( t - t t ) 3 ,  
a n d  
I t  " - '  i I b a Q f b f Q s b s Q t v t { t - t t ) 4 .  
A s s u m i n g  v a l u e s  u s e d  i n  T a b l e  2 ,  a n d  l e t t i n g  b
s  
=  V s ,  Q t  =  0  · 1 ,  a n d  V t  =  0  ' 5 ,  
t h e n  n t  " - '  1 8 0  a n d  I t  , . . . . . ,  2 2 5  m m  w h e n  ( t - t t )  =  1 0  d a y s ,  i . e .  t h i r d - o r d e r  l a t e r a l s  w i l l  
f o r m  a  r e l a t i v e l y  i n s i g n i f i c a n t  p a r t  o f  t h e  r o o t  s y s t e m  ( c f .  T a b l e  2 ) .  
I I I .  D I S C U S S I O N  
O f  p r i m e  i m p o r t a n c e  i n  c o n s i d e r i n g  t h i s  m o d e l  i s  w h e t h e r  c e r e a l  r o o t s  a c t u a l l y  
c o n f o r m  i n  t h e i r  e x t e n s i o n  a n d  b r a n c h i n g  t o  t h e  c o n c e p t u a l  b a s i s  o f  t h e  m o d e l .  A  
c h e c k  i s  m a d e  i n  T a b l e  1 .  
T h e  r e f e r e n c e s  l i s t e d  i n  T a b l e  1  a r e  u n f o r t u n a t e l y  f e w .  V e r y  l i t t l e  q u a n t i t a t i v e  
i n f o r m a t i o n  o f  t h e  k i n d  n e e d e d  f o r  t h e  c o m p a r i s o n  i s  a v a i l a b l e .  M o r e o v e r ,  c o n -
s i d e r a t i o n  h a d  t o  b e  c o n f i n e d  t o  e x p e r i m e n t s  i n  w h i c h  t h e  r o o t  m e d i u m  w a s  r e a s o n a b l y  
h o m o g e n e o u s  a n d  e n v i r o n m e n t a l  c o n d i t i o n s  w e r e  r o u g h l y  c o n s t a n t .  R a t e s  o f  
e x t e n s i o n  a n d  b r a n c h i n g  a r e  n o t  u n i f o r m  a n d  c o n s t a n t  w i t h  t i m e  w h e n  t h e  s o i l  p r o f i l e  
i s  m a r k e d l y  l a y e r e d  o r  w h e n  c h a n g e s  o c c u r  i n  e n v i r o n m e n t a l  c o n d i t i o n s .  T h i s  
r e s t r i c t i o n ,  h o w e v e r ,  d o e s  n o t  r u l e  o u t  a n y  l a r g e  b o d y  o f  d a t a .  
T a b l e  1  i n d i c a t e s  t h a t  m o s t  o f  t h e  a s s u m p t i o n s  a r e  a c c e p t a b l e  w i t h i n  t h e  l i m i t s  
m e n t i o n e d  a b o v e  o r  c a n  b e  a c c e p t e d  a s  f i r s t  a p p r o x i m a t i o n s .  T h e  e x c e p t i o n  i s  t h e  
a s s u m p t i o n  t h a t  f i r s t - a n d  s e c o n d - o r d e r  l a t e r a l s  h a v e  c o n s t a n t  r a t e s  o f  e x t e n s i o n  
w h i c h  a r e  u n i f o r m  t h r o u g h o u t  t h e  r o o t .  H a c k e t t  a n d  B a r t l e t t  ( 1 9 7 1 )  a n d  H a c k e t t  
( 1 9 7 1 )  h a v e  p u b l i s h e d  r o o t  p r o f i l e s  s h o w i n g  t h e  c h a n g e  i n  l e n g t h  o f  f i r s t - o r d e r  l a t e r a l s  
a l o n g  u n d a m a g e d  r o o t  a x e s  o f  b a r l e y  a t  v a r i o u s  t i m e s  f r o m  g e r m i n a t i o n .  I f  V a  a n d  
V f  h a d  b e e n  c o n s t a n t  i n  t h e s e  e x p e r i m e n t s ,  t h e  p r o f i l e s  w o u l d  h a v e  h a d  t h e  a p p e a r a n c e  
o f  s e t s  o f  s i m i l a r  r i g h t - a n g l e d  t r i a n g l e s .  T h e y  d i d  n o t .  T h e  a n g l e  n e a r e s t  t h e  a p e x  
o f  t h e  r o o t  a x i s  c h a n g e d  w i t h  t i m e ;  t h e  " h y p o t e n u s e "  w a s  a l w a y s  c u r v i l i n e a r ;  a n d  
t h e  c u r v a t u r e  o f  t h e  h y p o t e n u s e  a l s o  c h a n g e d  w i t h  t i m e .  
F a c e d  w i t h  s u c h  e v i d e n c e ,  i t  w a s  n e c e s s a r y  t o  c o n s i d e r  v e r y  c a r e f u l l y  t h e  
e x t e n t  t o  w h i c h  c o n c l u s i o n s  f r o m  u s e  o f  t h e  m o d e l  c o u l d  b e  i n f l u e n c e d  b y  w e a k n e s s  
i n  t h e  a s s u m p t i o n  t h a t  r a t e s  o f  e x t e n s i o n  a r e  c o n s t a n t  a n d  u n i f o r m .  
T w o  c h e c k s  w e r e  m a d e .  F i r s t ,  u s i n g  r o u n d e d  v a l u e s  o f  t h e  a p p r o p r i a t e  v a r i a b l e s  
d e t e r m i n e d  f r o m  t h e  p r i m a r y  d a t a  o f  t h e  e x p e r i m e n t  o f  H a c k e t t  ( 1 9 7 1 ) ,  p r e d i c t e d  
a n d  a c t u a l  p r o f i l e s  o f  t h e  f i r s t - o r d e r  l a t e r a l s  a t  8 ,  1 3 ,  a n d  2 3  d a y s  f r o m  s e e d  w e t t i n g  
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TABLE 1 
ANALYSIS OF THE ASSUMPTIONS UNDERLYING THE MODEL: A COMPARISON WITH EXPERIMENTAL 
DATA RELATING TO THE VEGETATIVE STAGE OF TEMPERATE CEREALS 
Assumption 
1. (a) The axis bea.rs 
first-order laterals 
up to its very base 
(b) First-order 
laterals when 
branched bear 
second-order 
laterals up to 
their very base 
2. Laterals emerge in 
acropetal sequence 
along root members 
3. Va, v" and v. are 
uniform throughout 
the root and 
constant with time 
4. (a) ba does not 
always equal Va 
(b) bf does not 
alwa.ys equal vf 
5. (a) ba is constant 
with time 
(b) bf is uniform 
throughout the 
root and constant 
with time 
6. qf and q. a,re uniform 
throughout the 
root and constant 
with time 
7. Spread of second-
order lateral 
branching along 
root axis proceeds 
at rate ba 
Validity Evidence* 
Untrue. Commonly there is a. (1).(2) 
ba.re zone of about 10 mm. 
even in water culture 
Untrue. Commonly there is a (3) 
bare zone of about 10 mm 
First-order laterals: not (3).(4) 
absolutely correct. In the 
region where first-order laterals 
are emerging. the distal of an 
adjacent pair often emerges 
before the proximal 
Second-order laterals: no 
information 
Va: a.pproxima.tely correct for a (2).(5).(6) 
homogeneous root mediumt 
vf: not true. even in a homo- (1).(2) 
geneous root medium 
V.: no information. Unlikely to 
be correct 
Correct (3) 
No information 
Some variation can be observed (2) 
No information. Characteristics 
may be similar to v/ 
High variability is common when (3) 
examined on a small scale (i.e. 
10 by 10 mm). but approx-
imately true on a larger scale 
(Le. 50 by 50 mm). Can 
observe trehds in qf along axes 
What little information there is (3) 
suggests that this is approx-
imately so 
Conclusion 
Often negligible. but 
assess likely errors 
carefully 
Often negligible. but 
assess likely errors 
carefully 
Neglect 
Assume to be correct 
Assume to be correct 
Assess likely errors 
carefully 
Assess likely errors 
carefully 
Retain both ba and 
Va in model 
Retain both bf and Vf 
in model 
Assume to be correct 
Assess likely errors 
ca.refully 
Assume to be correct 
Assume to be correct 
* References: (1) Hackett and Bartlett (1971); (2) Hackett (1971); (3) Hackett. 
unpublished results; (4) May. Chapman. and Aspinall (1965); (5) Brouwer and Loen (1962); 
(6) Weaver. Kramer. a.nd Reed (1924). 
t The model is not concerned with rates of growth of root members between the time of 
their initiation and the time of their emergence. During this time. the rates are of course unlikely 
to be arithmetic, but this is considered unimportant in the present context. 
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w e r e  c o m p a r e d  ( F i g .  2 ) .  T h e  e r r o r  d u e  t o  v I  n o t  b e i n g  u n i f o r m  a n d  c o n s t a n t  w a s  
l a r g e  o n l y  o v e r  t h e  b a s a l  4 0  m m  o f  t h e  a x i s ,  f r o m  w h i c h  w o u l d  h a v e  e m e r g e d  a b o u t  
1 2  f i r s t - o r d e r  l a t e r a l s .  W e  a r e  c o n c e r n e d  a b o u t  t h i s  e r r o r  b u t  h a v e  c o n c l u d e d  t h a t  i t  
c a n  b e  n e g l e c t e d  f o r  t h e  p u r p o s e s  o f  P a r t  I I  o f  t h i s  s e r i e s .  T h e r e  a r e  n o  d a t a  w i t h  
w h i c h  t o  c o m p a r e  e s t i m a t e d  p r o f i l e s  o f  s e c o n d - o r d e r  l a t e r a l s ,  b u t  t h e  e r r o r s  h e r e  m u s t  
b e  s m a l l  u p  t o  2 3  d a y s .  T h e  e r r o r  d u e  t o  t h e  e x i s t e n c e  o f  b a r e  r e g i o n s  a t  t h e  b a s e  o f  
t h e  a x i s  w a s  n o t i c e a b l e ,  b u t  a s  j u d g e d  b y  t h e  r e s u l t s  o f  t h e  s e c o n d  c h e c k  t h e s e  r e g i o n s  
c o u l d  b e  n e g l e c t e d  f o r  p r e s e n t  p u r p o s e s  ( t h e y  a r e  s i m p l e  t o  a l l o w  f o r  w h e n  d e s i r e d ) .  
-
e  
. . 5 -
. ! S  
~ 
' 0  
"  
' "  
' "  
. . c  
e  
. g  
"  
u  
c  
~ 
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3 0 0  
3 5 0  
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/  
/  
/  
/  
/  
/  
/  
I  
/  
/  
/  
I  
/  
/  
I  
I  
' /  
1 /  
_ _  A c t u a l  
- - - E s t i m a t e d  
F i g .  2 . - C h a n g e  i n  
l e n g t h  o f  f i r s t - o r d e r  
l a t e r a l s  a l o n g  t h e  s e m i n a l  
r o o t  a x i s  o f  b a r l e y  a t  8 ,  
1 3 ,  a n d  2 3  d a y s  f r o m  
s e e d  w e t t i n g :  
c o m p a r i s o n  b e t w e e n  d a t a  
o f  H a c k e t t  ( 1 9 7 1 )  a n d  
o u t p u t  f r o m  t h e  m o d e l  
w h e n  b , .  =  2 0 ,  v f  =  4 ,  
a n d t f  =  4 .  
T h e  s e c o n d  c h e c k  w a s  m o r e  e m b r a c i n g .  D r a w i n g  a g a i n  o n  r o u n d e d  v a l u e s  
o b t a i n e d  f r o m  t h e  s a m e  e x p e r i m e n t ,  N a n d  L  w e r e  c a l c u l a t e d  f o r  e a c h  d a y  u p  t o  d a y  
2 3  a n d  w e r e  c o m p a r e d  w i t h  t h e  a c t u a l  d a t a  ( T a b l e  2 ) .  T h e  a g r e e m e n t  w a s  q u i t e  g o o d .  
I t  w a s  n o t i c e d  e s p e c i a l l y  t h a t  t h e  m o d e l  a d e q u a t e l y  r e p r o d u c e d  ( 1 )  t h e  5 0 - f o l d  
i n c r e a s e  i n  n u m b e r  o f  s e c o n d - o r d e r  l a t e r a l s  d u r i n g  t h e  f i n a l l O  d a y s  o f  t h e  e x p e r i m e n t  
a n d  ( 2 )  t h e  s m a l l  f l u c t u a t i o n s  o f  L j N  w i t h  t i m e .  I t  w a s  c o n c l u d e d  t h a t  t h e  m o d e l  
c o u l d  b e  u s e d  f o r  t h e  p u r p o s e  f o r  w h i c h  i t  w a s  d e v e l o p e d .  
I t  w o u l d  h a v e  b e e n  s a t i s f y i n g  t o  h a v e  b e e n  a b l e  t o  e s t a b l i s h  t h e  g e n e r a l i t y  o f  
t h e  m o d e l  b y  s h o w i n g  t h a t  d a t a  f r o m  i n d e p e n d e n t  e x p e r i m e n t s  c a n  b e  f i t t e d  i n  t h e  
s a m e  w a y ,  b u t  n o  o t h e r  d a t a  e x i s t  i n  s u f f i c i e n t  d e t a i l .  S o m e  i n d e p e n d e n t  v e r i f i c a t i o n  
w a s  o b t a i n e d ,  h o w e v e r ,  f r o m  t h e  e x p e r i m e n t s  o f  M a y ,  C h a p m a n ,  a n d  A s p i n a l l  ( 1 9 6 5 )  
a n d  M a y  e t  a l .  ( 1 9 6 7 )  w h o  a n a l y s e d  t h e  g r o w t h  o f  t h e  r o o t  s y s t e m  o f  b a r l e y  i n  t e r m s  o f  
t h e  f o u r  g r o w t h  m e a s u r e s  l i s t e d  i n  T a b l e  3 .  U s i n g  t h e  s y m b o l s  a d o p t e d  f o r  t h e  m o d e l ,  
a n d  c o n s i d e r i n g  o n e  r o o t  o n l y ,  i t  c a n  b e  s h o w n  t h a t  t h e i r  g r o w t h  m e a s u r e s  a r e  e x p r e s s e d  
b y  t h e  m o d e l  i n  t h e  f o r m  s h o w n  i n  c o l u m n s  3 - 6  o f  T a b l e  3 .  T h e s e  e x p r e s s i o n s ,  a l b e i t  
f o r  a  s i n g l e  r o o t ,  e x p l a i n  a  p r o m i n e n t  f e a t u r e  o f  t h e i r  r e s u l t s .  M a y  e t  a l .  ( 1 9 6 7 )  s t a t e d  
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that for the whole root system, the mean extension rate declined with time, 
particularly over the first 4 days of growth. We show in Figure 3 and Table 3 that the 
magnitude of all four growth measures of a root system will tend to that of the 
dominant order of lateral, so it is not surprising that the mean extension rate fell 
in the manner reported. 
TABLE 2 
NUMBER AND LENGTH OF THE SEMINAL ROOT MEMBERS OF BARLEY 
Comparison between actual measurements from the experiment of Hackett 1971 (values in bold 
type) and the output from a model of root growth (values in normal type) based on the following 
values of the input variables (see the text for units and explanation of the symbols): ta = 1; 
tf = 4; ts = 12; Va = 20·0; Vf = 4·0; Vs = 1·5; ba = 20·0; bf = 4'0; qf = 0'3; q8 = 0·3 
Time First-order laterals Second-order laterals Total from Axis Average 
seed- length 
J'-__ ---, 
-"------, r-----''------, length 
wetting (mm) No. Length No. Length No. Length (mm) 
(days) (mm) (mm) (mm) 
2 20 20 20 
3 40 40 40 
4 60 60 60 
5 80 6 10 7 90 13 
6 100 12 50 13 150 11 
7 120 18 110 19 230 12 
8 140 24 190 25 330 13 
8 150 25 170 26 320 12 
9 160 30 300 31 460 15 
10 180 36 430 37 610 16 
11 200 42 590 43 790 18 
12 220 48 770 49 990 20 
13 240 54 970 4 0 59 1210 21 
13 220 53 890 9 100 63 1120 18 
14 260 60 1200 14 20 75 1480 20 
15 280 66 1450 32 50 99 1780 18 
16 300 72 1730 58 120 131 2150 16 
16 300 62 1810 87 320 150 2430 16 
17 320 78 2030 90 240 169 2580 15 
18 340 84 2350 130 400 215 3100 14 
19 360 90 2700 176 640 267 3700 14 
20 380 96 3070 230 950 327 4400 13 
21 400 102 3470 292 1350 395 5220 13 
22 420 108 3890 360 1840 469 6150 13 
23 440 114 4330 436 2450 551 7220 13 
23 380 121 3390 405 2530 543 6330 12 
Other roles for the model can be envisaged apart from that developed in Part II, 
although its adoption would first require careful checking of assumptions as was 
carried out in Table 1. Firstly, the model could be valuable for estimating data for 
interpolation between actual data obtained from well-spaced harvests of root material. 
A need for such a facility is now emerging from investigations of the nutrient uptake 
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T A B L E  3  
E X P R E S S I O N S  O F  S O M E  G R O W T H  M E A S U R E S  O F  T H E  S T A N D A R D  R O O T  
E x p r e s s i o n s  a f t e r  M a y ,  C h a p m a n ,  a n d  A s p i n a l l  ( 1 9 6 5 )  a n d  M a y  e t  a l .  ( 1 9 6 7 ) *  
E s t i m a t e  o f  g r o w t h  m e a s u r e  f r o m  t h e  m o d e l  
G r o w t h  M e a s u r e  U n i t s  
F i r s t · o r d e r  S e c o n d - o r d e r  
G e n e r a l  
A x i s  
l a t e r a l s  l a t e r a l s  f o r m u l a t  
R e l a t i v e  m u l t i p l i c a t i o n  
r o o t  m e m b e r / r o o t  0  l / ( t - t f )  2 / ( t - t
8
)  m l ( t - t
m
)  
r a t e  =  ( l l n ) ( d n l d t )  m e m b e r / d a y  
R e l a t i v e  e x t e n s i o n  
m m / m m / d a y  
l / ( t - t
a
)  2 / ( t - t f )  3 / ( t - t
8
)  ( m + l ) / ( t - t
m
)  
r a t e  =  ( 1 / 1 ) (  d l l d t )  
M e a n  e x t e n s i o n  m m / r o o t  
V a  
V f  
V s  V m  
r a t e  =  ( l l n ) (  d l l d t )  m e m b e r / d a y  
M e a n  r o o t  l e n g t h  
m m / r o o t  
v a ( t - t
a
)  - ! v f ( t - t f )  t v s ( t - t
s
)  
v m ( t - t m ) / ( m +  1 )  
( o r  a v e r a g e  l e n g t h )  m e m b e r  
=  ( l i n )  
*  N o t e  t h a t  t h e s e  a u t h o r s  u s e d  a  d i f f e r e n t  t e r m i n o l o g y :  t h u s  t h e i r  p r i m a r y  r o o t s  c o r r e s p o n d  
t o  o u r  a x e s ,  t h e i r  s e c o n d a r y  r o o t s  t o  o u r  f i r s t - o r d e r  l a t e r a l s ,  e t c .  
t  T h e  g e n e r a l  f o r m u l a  c o n t a i n s  m ,  t h e  o r d e r  o f  t h e  l a t e r a l s ,  r e c k o n i n g  t h e  a x i s  a s  a  l a t e r a l  
o f  o r d e r  z e r o .  
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u s i n g  t h e  d a t a  o f  T a b l e  2  c o n t i n u e d  f o r w a r d  t o  t  =  3 0  d a y s .  
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characteristics of different types of root member (e.g. Russell and Sanderson 1967; 
Rovira and Bowen 1968, 1970; Clarkson and Sanderson 1971). These studies are 
moving towards the preparation of continuing balance sheets of uptake which will 
estimate the contributions made by each type of morphological component of the root 
system as it develops. It could be tiresome in this work to have to make frequent 
measurements of root dimensions. The model provides adequate estimates very 
economically. 
Another use for the model might be in helping to interpret measurements of 
rooting density obtained from fragments of root material extracted from the field. 
At present this can be envisaged only for tap-rooted species, but were they found to 
conform to the model, it might be possible to extract whole root systems of seedlings 
daily from soil for up to say 10 days and then via the model predict rooting densities 
in different soil layers for up to 30 days. Comparisons could then be made with 
actual densities determined from fragments, and conclusions could be drawn about 
how the root system had developed. 
Finally, it is possible to envisage the model as the starting point for a physiologi-
cal model of root growth. Several models of plant growth have been published which 
estimate the assimilate transported to the root system (e.g. Brouwer and de Wit 
1969; C. W. Rose et al. 1972), but this assimilate cannot confidently be given 
morphological expression. It is only a step further experimentally to determine both 
the assimilate allocated to the root system and the root form, and with this information 
it should be possible to develop a model of root growth which is based on environ-
mental and physiological inputs. 
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